Abstract
Introduction
Permanent magnet synchronous motor (PMSM) has high efficiency, high energy density, large starting torque and other characteristics. With the performance increasing of NdFeB permanent magnet materials and the development of vector control theory, high-performance processors and high-power high-switching speed of the power electronics element makes the performance of permanent magnet synchronous motor control continuously improved. Since vector control of PM synchronous motor drives provides the decoupling control between flux and torque components, it is possible to obtain good performance characteristics similar to that of a DC motor. Therefore this technique is widely used in most of reported work on PM synchronous motor control; PMSM is now widely used for industrial control [1] . According to the structure of the rotor, permanent-magnet synchronous motor can be divided into surface mounted and interior. For interior structure, the motor is more robust and reliable, can run at high speed, as the rotor has embedded with permanent magnet to improve the mechanical properties of the motor. And this structure determines the direct axis synchronous inductance is less than quadrature axis synchronous inductance. The resulting unequal inductance will provide additional reluctance torque and expand the field weakening range. To take full advantages of reluctance torque, improve the motor efficiency, and reduce the inverter output capacity, the maximum torque per ampere (MTPA) control method is widely used in the constant torque range.
In general, MTPA can not ensure that motor efficiency is optimal, because this method only takes the copper loss into account but ignore the iron loss. For some applications such as electric vehicles, efficiency is a necessary factor to take into account, so the efficiency optimization control is necessary. In literature, various methods have been proposed for efficiency optimization of PM synchronous motor. Essentially, they can be divided into two categories: model-based efficiency control and online search maximum efficiency algorithm.
Precise and rapid control can be implemented by model-based efficiency control, and it will keep motor always running under the optimal operating point, however, the exact parameters and the large amount of computation was needed [2] [3] [4] . For example, Shigeo Morimoto uses the polynomial approximation method to reduce computation.
Online search maximum efficiency algorithm can be accomplished by measuring the input power to seek the maximum efficiency at the particular operating point. Accurate parameters are not required in this method, but the disadvantage needs relatively long adjustment time. To improve it, Fibonacci and golden section was proposed by Gyu-Sik Kim and Minh Ta-Cao Respectively [5, 6] . Other intelligent control algorithm is also used to decrease adjustment time [7] [8] [9] [10] . Artificial neural network is composed of a lot of interconnected neurons, and it has strong adaptability, learning ability, nonlinear mapping capability, robustness and fault tolerance. The Backpropagation (BP) algorithm uses supervised learning, which means that we provide the algorithm with examples of the inputs and the outputs that we want the network to compute, and then the error (difference between actual and expected results) can be calculated. The idea of the BP algorithm is to reduce this error until the training data is mastered by the ANN. The training begins with random weights, and the goal is to adjust them so that the error will be minimalized [11] [12] [13] . These characteristics of neural networks are suitable for maximum efficiency control of motor. Neural networks have been used in maximum efficiency control of induction motor [14, 15] . A new maximum efficiency based on BP neural network algorithm has been proposed by the authors of this paper aiming at improving the operating efficiency of PMSM, then, through analysis and simulation, it is proved that the algorithm is feasible and effective. Figure. 1 shows the direct and quadrature equivalent circuits which considering iron. R s represent the armature resistance. R c represents the iron loss, and iron loss consists of hysteresis loss and eddy loss [10] . 
Loss model for PMSM considering iron loss
Where The second item in equation (4) is reluctance torque produced by rotor saliency effects. For the permanent magnet synchronous motor, we can use the reluctance torque to improve the efficiency of the motor. From equation (4) we can see that electromagnetic torque is no longer a direct result of current through armature resistance R s when iron loss is considered.
Maximum efficiency control
In general, maximum torque-per-ampere (MTPA) improves torque production in the constant torque region, but can not guarantee the highest optimal efficiency because it is only in the case that copper loss are minimal while the iron loss are not taken into account. Maximum efficiency control is implemented to make the sum of copper loss and iron loss minimal [16] . The expression of copper loss and iron loss is available according to equivalent circuit Figure. 1.
Copper loss:
Iron loss:
Total loss:
With constraints equation (4) and equation (14) we can construct the Lagrange equality.
By calculating the extreme value of equation (15), we can get the relationship between direct axis current and quadrature axis current. The result is very complicated, so we simplify expressed it as equation (16 
Maximum efficiency control is influenced by R c and ω. According to equation (16) , the maximum efficiency control trajectory is shown In Figure 2 , and it is obtained under the condition R c = 200Ω. Curves 1, 2, 3, respectively, is maximum efficiency trajectory under the condition of ω = 0rad/s、ω = 800rad/s and ω = 1500rad/s. Speed and torque are coupled to each other, which have impacts on the maximum efficiency control; it shows the traditional methods are difficult to control accurately. In this paper, artificial neural networks are used to implement maximum efficiency control.
Figure 2. Maximum efficiency control

Back-propagation neural network
An artificial neural network (ANN) is a system based on the operation of biological neural networks, in other words, is an emulation of biological neural system. And neural network is a parallel system, capable of resolving paradigms that linear computing cannot. The structure of neurons is shown in Figure. 3. Each of the processing elements has a number of internal parameters called weights. Changing the weight of an element will alter the behavior of the element; therefore, it will also alter the behavior of the whole network. The goal here is to choose the weights of the network to achieve a desired input-output relationship. This process is known as training the network [11, 12] .
…
Figure 3. Structure of artificial neural
A back-propagations neural network is a layered system with inputs and outputs, and it is composed of many simple and similar processing elements. The basic idea of BP is least squares algorithm. It uses gradient search techniques to make the difference between actual outputs and the target outputs minimized for all given training patterns. For the pth pattern (p=1…p), this is done by minimizing the energy equation (17 
The learning process of BP algorithm is composed of the forward propagation and back propagation components. In the forward propagation process, the artificial neurons send their signals "forward", the network receives inputs by neurons in the input layer, and the output of the network is given by the neurons on an output layer. There may be one or more intermediate hidden layers. If network can not get the desired output in the output layer, then transferred back propagation. In the back propagation process, the error signal comes back along the original connection path getting the smallest error signal by modifying the weights of neurons in each layer [17] . BP network structure was shown in Figure. After training, BP feed-forward network can be used for optimal efficiency control of motor. Neural network output and the sample data are compared in Figure. sample data, and star mark is output of neural network after train. The result indicates that the trained neural network can achieve the maximum efficiency control accurately.
Simulation and results
Motor model is established based on the equivalent circuit in Figure. 1. The proposed control method is simulated in MATLAB/simulink, and the motor parameters are reported in table.1. Figure.6 shows the structure of motor control system. In Figure. 9.b, curves 1, 2, 3 respectively represent the copper loss, the iron loss and the total loss when under the control of MTPA, while curves 4, 5, 6 stand for the three losses when under the maximum efficiency control. Clearly we can find out that under the same condition of speed and torque, different control methods may lead to different command value. It can be seen from the results that the maximum efficiency control of the copper loss is greater than the minimum current control, but the total loss is lower. It is because the motor iron loss along with the increase of speed and torque, however, direct axle demagnetization current increase which will reduce the air-gap flux. This will cause the iron loss to reduce. Although the demagnetization current causes the copper loss increases correspondingly, the total loss is reduced. The maximum efficiency control reduces the total loss through the adjustment relation between the copper loss and the iron loss. 
Conclusion
This paper presents a new method of maximum efficiency based on BP neural network. In this paper, after a systematic mathematical formulation on the maximum efficiency control model of the PMSM driven system with iron loss considered. And ANN maximum efficiency control structure is proposed. The simulation results validate that the proposed ANN can improve the efficiency of permanent magnet synchronous motor control effectively.
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